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SUMMARY

An investigation has been conducted in the Langley full-scale tunnel

on a 1/20-scale airship model to determine the characteristics of stern-

mounted propellers (or wake propellers) and the effect of the propellers

on the airship. The investigation included tests of two different pro-

pellers and included measurements of propeller thrust and power charac-

teristics, airship force and moment characteristics, hull pressure dis-

tributions, and hull boundary-layer and wake characteristics. The tests

were conducted for several propeller-blade angles and rotational speeds

for test velocities of about 94 ft/sec and 139 ft/sec.

The test results showed that a stern-mounted propeller can give a

much higher propulsive efficiency than that of a conventional-mounted-

or a fin-mounted-propeller installation. This increased efficiency

should result in increased range and endurance for the stern-propeller

configuration. In general, stern-propeller operation was found to have

only very small effects on the model aerodynamic characteristics.

INTRODUCTION

For many years the idea of a stern-mounted propeller or a wake pro-

peller for airships has been suggested as a means of improving the pro-

peller efficiency. A few sporadic wind-tunnel tests and theoretical

analyses have been made and in most instances the conclusion reached

was that a propeller designed to operate in the airship wake would

operate more efficiently than a conventional-propeller installation.

Recent developments have shown the need for longer endurance flights of

airships used for aircraft early warning and submarine detection missions

which would require configurations having a more efficient propulsive

system. The stern-mounted propeller would have further advantages for
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the longer endurance flights by providing somerelief of aircrew fatigue
and detection instrument inaccuracies resulting from the noise and vibra-
tion of a normal close-proximity propeller installation.

Becauseof these apparant advantages of the stern-propeller configu-
ration, it was decided that this type of configuration should be investi-
gated. It was decided, however, that a propeller should be designed
specifically for the airflow conditions existing at the intended pro-
peller plane. These airflow conditions had been obtained during previ-
ous unreported wind-tunnel tests conducted in the Langley full-scale
tunnel by Marvin P. Fink on the sameairship hull.

In order to check the theories involved in the design of a stern
propeller, two different approaches to the problem were made. The
results gave two dissimilar wake propellers for use on a 1/20-scale
model airship designed for wind-tunnel tests in the Langley full-scale
tunnel. Onepropeller was designed by using the best available theories
as a 4-blade, 2-foot-diameter, twisted and tapered propeller having a
propeller solidity of 0.129 and Clark Y airfoil sections. The other pro-
pellet, for reasons of simplicity, was designed as a 3-blade, 1.37-foot-
diameter, untwisted and untapered propeller having a propeller solidity
of 0.103 and NACA632-015 airfoil sections.

Tests were conducted for each of these propellers for three blade
angles over a range of advance ratios from about 0.5 to 1.3. The Reynolds
numbersof the tests, based on hull length, were about ll.9 x lO6 and
17.5 x l06 which corresponds to test airspeeds of about 94 ft/sec and
139 ft/sec, respectively. The tests included the determination of the
propeller characteristics, complete-model aerodynamic forces and moments,
aft section hull boundary-layer and propeller-wake characteristics, and
surface-pressure distributions for one longitudinal station of the
fuselage.
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SYMBOLS

Force and moment coefficients are based on hull volume and are

referred to the stability axes the origin of which is the center of

buoyancy. This point is located on the model center line 109.30 inches
aft of the model nose.

A e total effective blade area factor, (B)(F)(D2), sq ft

F
activity factor per blade, 16 .2

B number of blades
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Tp

T e

t

U l

U=

local propeller chord, ft

propeller equivalent chord,

OI. 0 cx2d x

, ft

fO I. 0 x2dx

propeller diameter, ft

drag of basic model (propeller off), lb

total length of boundary-layer or wake rake, ft

total length of hull, ft

propeller rotational speed, rps

power, 2_nQ, ft-lb/sec

local static pressure, lb/sq ft

free-stream static pressure, ib/sq ft

propeller torque, ft-lb

local dynamic pressure, ib/sq ft

free-stream dynamic pressure, ib/sq ft

propeller radius, ft

propeller radius at any station, ft

propeller thrust, lb

effective thrust

(Propeller thrust - Propeller-lnduced change in hull drag), lb

propeller blade width, ft

local velocity, ft/sec

free-stream velocity, ft/sec
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U/nD

V

X

Y

Z

8e

_e

P

CL

CD

CD, e

CD, o

CD, e /CD, o

C Z

propeller advance ratio

hull vol_ne, 184 cu ft

chordwise distance along fuselage, ft or fraction of pro-

peller radius, (r/R)

distance from and normal to hull longitudinal axis, ft

distance from propeller axis along wake rake, ft

model angle of attack, deg

propeller blade angle measured at 0.75R, deg

elevator deflection angle (positive deflection, trailing

edge down), deg

propeller efficiency,
CT U_ _TpU_

Cp nD P

propeller propulsive efficiency,
CT e U_

Cp nD

mass density of air, slugs/cu ft

lift coefficient,
Li ft

drag coefficient measured on scale system during propeller

operating tests (equal to CD, o when propeller removed),

Drag

q_V2_

effective drag coefficient (CD, o - CD)

drag coefficient of basic hull, propeller off (CD, o = 0.0210)

ratio of effective drag to the drag of the basic hull

rolling-moment coefficient, Rolling moment
q_V
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C n

Cp

Cp

CT

CT e

Cy

pitchin_moment coefficient, Pitching moment
qJ

yawing-moment coefficient,
Yawing moment

q_V

P

power coefficient, _n3D _

pressure coefficient,

Tp

thrust coefficient, Dn2D 4

propeller propulsive thrust coefficient, V2'3 CD, eI_2/UM_

side- force coefficient,
Side force

MODEL

A 1/20-scale model of an airship equipped for stern propulsion was

used in the present investigation. The model had a length of about

20.5 feet and a volume of 184 cubic feet. Principal dimensions of the

hull, gondola, and tall surfaces are shown in figure 1. Photographs of

the model and some of its components are shown in figure 2.

The tail configuration of the model was an inverted Y arrangement

with 120 ° radial spacing of the surfaces. The longltudlnal-control sur-

faces were equipped with actuators for remote control through ±20 ° range

elevator deflection. The elevators were equipped with a servo tab with

linkage to provide equal but opposite deflections to those of the

elevator.

The model was equipped to operate with either of the two different

propellers shown in the photographs of-flgures 2(b) and 2(c). The blade-

form curves of the two propellers are shown in figures 3(a) and 3(b).

Propeller 1 had 4 blades which were twisted and tapered, a diameter of

2 feet, a solidity of 0.129 (based on an equivalent chord c e of



0.104 foot), an activity factor per blade of 68.% a total effective
blade area Ae of 1_095 square fee% and Clark Y airfoil sections.
Propeller 2 had 3 blades which were untwisted and untapered_ a diameter
of 1.37 fe_% a solidity of 0.103_ an activity factor per blade of 84.3_
a total effective blade area Ae of 475 square feet, and NACA
632-015 airfoil sections. Each propeller had provisions for manually
varying the blade angle. Both propellers were driven by 20-horsepower
electric-lnduction motors. Onemotor was used to drive propeller 2_
whereas two motors were required and were mounted in tandemto drive
propeller 1. In each case_ the motors were attached to the model with
a strain-gage mount to measurepropeller thrust and torque. The tandem-
motor arrangement and straln-gage balance are shownin figure 2(d) and
the single-motor arrangement is shownmounted in the model in figure 2(e).

Boundary-layer characteristics of the aft section of the hull were
obtained by two rakes mounted so that the total and static tubes were
parallel to the airship surface. The location of the rakes was 30° up
from the horizontal plane_ the port rake was 1 foot forward of the plane
of propeller 1 and the starboard rake was 2 feet forward of this plane.
The rakes were 13.6 inches long with 14 total tubes and 4 static tubes.
The rakes are shownmountedon the model in figures 2(b), (c), and (e).
The wake-survey rake which wasmounted perpendicular to the longitudinal
axis and rotated 45° to the starboard of the vertical fin was 2 feet
long with the inboard tube on the propeller-shaft axis 1 foot aft of the
plane of propeller 1. The wake-survey rake had 21 total tubes and
6 static tubes. Location of the individual tubes in the various rakes
is given, in terms of their distances from the hull surface or shaft
axis, in percent of rake length in the pressure-distribution tables 1
to 7- Surface-pressure-distrlbution data were obtained with two longi-
tudinal rows of static-pressure orifices along the hull. The stations
were 60° downfrom the vertical center line of the model and included
20 orifices on the port side and 5 orifices on the aft section of the
starboard side. Location of the orifices, for plotting purposes, can
be considered to be in a single longitudinal row on one side of the
hull because they were symmetrical about the vertical center line. The
chordwise locations in percent of fuselage length from the nose of the
model are given in tables 2 to 7.

The model was mountedon a single support strut which entered the
model through the gondola as shownin figure 2(f). Angle-of-attack
changeswere accomplished by remotely controlling an actuator mounted
inside of the model. The gondola used in this investigation was some-
what larger than the original gondola as shownin figure 1 because of
the mounting system of the model. The tunnel slx-component scale-balance
system was used for all force and momentmeasurementsexcept those
obtained from the motor-mount straln-gage system.
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and 139 ft/sec would result in possible errors in drag coefficient of

about ±0.0009 and ±0.0004, respectively.

RESULTS AND DISCUSSION

Propeller and Model Characteristics at _ = -0.5 °

The variation of the propeller thrust and power coefficients, pro-

peller efficiency, and model drag coefficient with advance ratio are

shown in figures 4 and 5 for propellers 1 and 2, respectively. For

comparison purposes, the efficiencies of more conventional-propeller

installations are shown in figure 6. The stern-propeller coefficients

are seen to vary in a normal manner but the maximum propeller effi-

ciencies as shown in figures 4(c) and 5(c) are much greater than those

expected for a conventional-mounted propeller (fig. 6). The large

values of maximum efficiency (on the order of 140 percent) are apparently

erroneous because the propellers are operating in the wake of the air-

ship, a reduced velocity field, and because the standard definition of

propeller efficiency _ includes free-stream velocity. Because of the

low velocity of the wake, the propeller can produce more thrust per

horsepower than it could in the free-stream flow. When this greater

ratio of thrust to power is multiplied by the higher free-stream veloc-

(ity to obtain the propeller efficiency _ - _ j, the resulting value

of efficiency may be very large. Because of these two factors, _ may

be well above 1.O0; whereas, the efficiency of the propeller based on

the velocity of the flow in which it is actually operating is conven-

tional, that is, well below 1.O0.

Additional analysis is required in order to determine whether these

large values of propeller efficiency can actually be achieved with these

particular propellers when they are producing enough thrust to propel

the airship. In order to make this additional analysis, the data will

be examined for the following thrust conditions: Te = Do, T e = 0.75Do,

T e = 0.50Do, and T e = 0.25D o. In order to determine the operating con-

ditions for these thrust conditions for propeller 1 and for conventional-

mounted and fin-mounted propellers the data have been reduced to the form

of CD, e/CD, o and plotted against advance ratio in figure 7. Propeller 2

was not included in this analysis since preliminary analysis had shown

that it was much too small to produce the thrust required for propulsion

when operating at the conditions for high efficiency. CD, e represents

the resultant drag of the configuration and is obtained by subtracting

the drag measured with the propeller operating from the drag of the basic

hull with the propeller removed. CD, e then represents the total
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TESTS

Tests were conducted in the Langley full-scale tunnel on a 1/20-scale

model of an airship with each of the two propellers and with the pro-

pellers removed. At m = -0.5 ° the propeller characteristics were deter-

mined for a large range of rotational speeds for tunnel speeds of about

94 ft/sec and 139 ft/sec to give a range of propeller advance ratio from

about 0.5 to 1.3. The configuration with propeller 1 installed was

tested with blade angles, measured at the 0.75R station, of 15 °, 20 °,

and 25°. Propeller 2 was initially checked out at the design angles

of 15 °, 17 °, and 20o; but it was found that, at settings of 15 ° and 17 °

for the design model speed and maximum allowable rotational speed, the

propeller would not produce the desired thrust (Te = Drag) nor would it

absorb the expected power. The blade angles tested in the systematic

investigation were, therefore, arbitrarily increased to 20 °, 25 °, and 30 °.

The effect of propeller operation on the airship aerodynamic char-

acteristics and the effect of angle of attack on the propeller charac-

teristics for three arbitrary power conditions (n = 70.33, 76.67_ and

83.33) were determined for an angle-of-attack range of -10.5 ° to 9.5 ° .

Elevator-effectiveness data were obtained from elevator-deflection tests

(8 e range from -20 ° to 20 °) for the same angle-of-attack range only for

the case of propeller 1 operating at a blade angle of 20 ° . All of these

angle-of-attack tests were made for a test velocity of 139 ft/sec.

The surface-pressure-distribution orifices and the boundary-layer
and wake rakes were connected to kerosene manometers and the results

photographically recorded during all of the m = -0.5 ° tests. The

pressure coefficients, velocity- and dynamic-pressure ratios were deter-

mined by I_M data-reduction processes.

CORRECTIONS

All of the force and moment data presented have been corrected for

airstream mlsallnement, buoyancy, and support-strut tares.

A drag coefficient of 0.0120 and 0.0100 at the test velocities of

94 ft/sec and 139 ft/sec, respectively, at m = -0.5 ° has been sub-

tracted from the drag results to correct for support-strut tares. The

drag data at angles of attack other than -0.5 ° have been corrected by

similar but slightly different values of drag coefficient. In general,

the six-component scale balance is considered to be accurate in the

drag component to ±0.3 pound which at the test velocities of 94 ft/sec
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effective thrust applied to the airship by the propeller. For a value

of CD'e - 1.0, the resultant thrust of the configuration is equal to

CD, o

the drag; so the configuration is considered to be in a steady-state

cruise condition. For the aforementioned thrust conditionsj the pro-

peller efficiencies were determined and are shown as a function of

advance ratio in figure 8. For the steady-state condition (T e = Do),

the maximum propeller efficiency is seen to be about 122 percent for

propeller 1 and about 73 percent for the conventional-mounted and fin-

mounted propellers. Only one blade angle was tested for the conventional-

propeller installation, but the efficiencies for the various power con-

ditions at _ = 20 ° are quite similar for both the fin-mounted and the

conventional-mounted propellers; so it is assumed that the fin-mounted

propeller will provide an adequate basis of comparison for the wake-

propeller configuration.

The data of figure 8 show that for the case of Te = Do the effi-

ciency of the stern propeller is well below its maximum value and that

the efficiency is higher for the lower values of thrust (T e = O. 7_Do,

Te = O._ODo, and Te = 0.2_Do). This fact indicates that the propeller

was too small for most efficient propulsion of this airship. Since the

attainment of the very high efflclencies of stern propellers is criti-

cally dependent upon keeping the propeller largely in the hull wake, it

seems that the loading of this propeller should be reduced by increasing

the solidity rather than by increasing the propeller diameter.

So far the discussion has dealt only with propeller efficiencies;

however, in order to determine whether these very high efflciencles of

the stern propeller are indicative of the effectiveness of the propeller

in propelling the airship or whether they are obtained at the expense of

some other factor, such as an increase in hull drag, the data have also

been reduced to the form of propulsive efficiency Re" The values of

propulsive efficiency were determined for thrust conditions of Te = Do,

T e = 0.75Do, and T e = 0.50D o and are presented in figure 9. The maxi-

mum propulsive efficiency of the stern-propeller installation at Te = Do

is about 103 percent as compared to a value of about _9 percent for the

fin-mounted configuration. The reduction in values of efficiency from

about 122 percent for propeller efficiency to about 103 percent for pro-

pulsive efficiency is in part attributed to the increase in pressure

drag of the model with the stern propeller operating. This increase in

hull drag with the stern propeller operating will be demonstrated later

with the pressure-distribution data.
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In order to show in another manner the relative merit of conventional-
mounted- and fin-mounted-propeller installations with stern-mounted-
propeller installations, the horsepower required to fly for various thrust
conditions is shownin figure I0. A composite of these data is shownin
figure !i. The stern-mounted propeller is seen to require considerably
less horsepower to fly in a steady-state cruise condition than does either
of the other configurations. From the viewpoint of reduced horsepower
required and therefore increased propulsive efficiency, a stern-mounted-
propeller installation would provide a configuration having greatly
increased range and endurance as comparedwith a conventional-propeller
configuration.

Propeller and Model Characteristics at Angle of Attack

The variation of the thrust and power coefficients with angle of
attack for propeller 1 operating at a blade angle of 20° and the effect
of elevator deflection on the propeller characteristics are shownin
figure 12. 0nly the zero-elevator-deflection data are faired for pur-
poses of clarity. Thrust and power for a given operating condition are
seen to decrease with either plus or minus angle of attack. The decrease
in thrust caused by angle of attack is, in general, considerably greater
than that causedby elevator deflection. Therefore, it is surmised that
the change with angle of attack of the airflow field (or wake) in which
the propeller is operating caused the decrease in thrust. The decrease
in power is, of course, caused by the decreased thrust. Elevator deflec-
tion is seen to have only minor effects on thrust and power.

The variation of the model aerodynamic characteristics with angle
of attack with and without propeller operation at _ = 20° is shownin
figure i}. Propeller operation is seen to have negligible effect on all
the forces and momentsexcept, of course, the drag which is a direct
function of thrust input.

The effect of elevator deflection on the airship aerodynamic char-
acteristics for the sameoperating conditions noted in figure 13 is
given in figure 14. Elevator effectiveness, as indicated by the range
of deflection angles required for longitudinal trim, is about the same
for all operating conditions.
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Chordwise-Pressure-Distribution, Boundary-Layer

and Wake Characteristics

The pressure coefficients of the hull surface, the velocity, and

the dynamic-pressure ratios in the hull boundary Layer and wake are given
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for all test conditions in tables i to 7. Some of the pressure-

coefficient data, particularly the propeller-off data, are missing

because the camera which photographed the manometer board malfunctioned

during some of the tests.

The pressure coefficients of the aft portion of the hull surface

are shown in figure 15 for the model with propeller 1 operating at var-

ious values of advance ratio. Pressure drag was not determined from

this series of tests because the forward-pressure data are questionable

as a result of camera malfunction. Unpublished data have shown, how-

ever, that the stern-mounted-propeller operation should not affect the

pressure coefficients near the nose of the model; therefore, it is

believed that the aft-pressure coefficients would show the general

effect of propeller operation on the pressure drag. In general, the

increased propeller rotational speed (fig. 15) increases the pressure

drag as indicated by the pressure coefficients being, in general, less

positive with increased rotational speed. This increase in hull pres-

sure drag with increased propeller rotational speed, which means

increased propeller thrust, ties in the previously demonstrated fact

that the propulsive efficiency _e is lower than the propeller effi-

ciency _.

To show the general effect of propeller operation on the hull

boundary-layer and wake characteristics over the aft portion of the

hull, the boundary-layer and wake rakes and the velocity ratios existing

at these rakes are shown with and without propeller 1 operating in fig-

ure 16. Propeller operation begins to decrease the boundary-layer thick-

ness over the hull Just forward of the port rake with this boundary-layer

thickness becoming progressively much less toward and aft of the propel-

ler plane. The boundary-layer or wake thickness is considered to extend

outward from the hull or propeller-shaft axis to a point at which the

velocity ratio (U_/U_ is 0.9.
\ t I

CONCLUDING R_gARKS

The results of tests in the Langley full-scale tunnel to determine

the propeller characteristics of a stern-mounted propeller (or wake pro-

peller) on an airship model indicate that a stern-mounted propeller can

be designed to operate at higher values of propulsive efficiency than

those experienced by a conventional-mounted- or a fin-mounted-propeller

installation. Because of the resulting decreased horsepower required

for a given operating condition, the stern-propeller-airship configura-

tion should have much greater range and endurance than a configuration
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with a conventional-propeller arrangement. In general, propeller opera-
tion had only small effects on the model aerodynamic characteristics.

Langley Research Center,
National Aeronautics and SpaceAdministration,

Langley Field, Va., June 26, 1961.
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(b) Propeller 1 installation.
L-60-419

(c) Propeller 2 installation. L-60-422

Figure 2.- Continued.
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L-60-423

(d) Tandem-motor arrangement and strain-gage balance for propeller i.

(e) Single model motor and support. L-60-421

Figure 2.- Continued.
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(f) Gondola--support-strut relationship. L-60-420

Figure 2.- Concluded.
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Figure 4.- Continued.
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94 and 139

(c) _ against U_/nD.

Figure _.- Continued.
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Figure 14.- Concluded.
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